We have synthesized and characterized a family of structured oligo-N-substituted-glycines (peptoids) up to 36 residues in length by using an efficient solid-phase protocol to incorporate chemically diverse side chains in a sequence-specific fashion. We investigated polypeptoids containing side chains with a chiral center adjacent to the main chain nitrogen. Some of these sequences have stable secondary structure, despite the achirality of the polymer backbone and its lack of hydrogen bond donors. In both aqueous and organic solvents, peptoid oligomers as short as five residues give rise to CD spectra that strongly resemble those of peptide ␣-helices. Differential scanning calorimetry and CD measurements show that polypeptoid secondary structure is highly stable and that unfolding is reversible and cooperative. Thermodynamic parameters obtained for unfolding are similar to those obtained for the ␣-helix to coil transitions of peptides. This class of biomimetic polymers may enable the design of self-assembling macromolecules with novel structures and functions.
Advances in bio-organic chemistry now offer accessibility to valuable new materials that integrate the structural and functional characteristics of biopolymers with the stability and diversity of synthetic polymers. Biopolymers are unique in that they are composed of specific monomer sequences and are capable of self-assembly into stable native structures, permitting a remarkable variety of functions. In contrast, most synthetic polymers do not have a specific monomer sequence but can be cheaply produced from a wide array of monomers and linking chemistries to generate many useful materials. It has been suggested that the sequence-specific polymerization of nonbiological monomers could allow the creation of synthetic polymers with stable folded structures (1, 2) .
The design of novel polymers with sophisticated properties such as molecular recognition, energy transduction, and catalysis will require the precise spatial positioning of multiple chemical functionalities. The synthesis of such a polymer necessitates control of monomer sequence, control of polymer length, high coupling efficiencies, the ability to incorporate a variety of side chain types, and self-assembly into a unique conformation. Additional desired characteristics include relatively low cost, a flexible polymer backbone allowing a variety of structural motifs, cooperative conformational transitions allowing effective regulation and signaling, thermostability, structural stability in both aqueous and organic solvents, and compatibility with biological systems. In this paper we present a study of peptoids, a family of chemically diverse sequencespecific heteropolymers that may ultimately satisfy these goals.
Several methods have been developed for the synthesis of biomimetic oligomers with unnatural backbones. Many of these are structural variants of polypeptides, such as polycarbamates (3), peptide nucleic acids (4) , and vinylogous polypeptides (5) . Recent efforts have yielded oligomers with defined folding propensities such as oligoanthranilamides (6) , vinylogous sulfonamidopeptides (7), ''aedemers'' (8) , and oligophenylacetylenes (31) . Helical secondary structures have been demonstrated in oligomers of ␤-amino acids (9, 10) . These systems have been limited to short-chain molecules lacking chemical diversity. Typically, solution structures have been detected only in nonaqueous solvents and are stabilized by hydrogen bonding.
In contrast, polymer chemists have historically obtained helical homopolymers by incorporation of bulky side chains whose steric repulsion directs the conformation of the backbone (11) . The use of chiral monomers or initiators can afford helices with a preferred screw sense. Examples of these asymmetric polymers include bulky methacrylates, isocyanides, trichloroacetaldehydes, and isocyanates (ref. 11 and references therein).
Peptoids are a family of oligomers that were developed for use in combinatorial drug discovery programs (12, 13) . These non-natural oligomers are based on a polyglycine backbone, on which the side chains are appended to the amide nitrogen (Table 1) . Because the side chain moiety is introduced by the reaction of primary amines, this method can yield an extremely diverse series of functionalized oligomers from readily obtainable starting materials (14, 15) . Furthermore, coupling efficiencies of Ͼ98% now enable the automated synthesis of long-chain (Ͼ25 monomers) sequence-specific polymers in good yield.
Many of the mechanisms that direct the self-assembly of biopolymer structures are lacking in peptoids. Specifically, peptoids lack amide protons, and thus no hydrogen bond network along the polymer backbone is possible. Likewise, because the main chain contains no chiral centers, peptoids have no intrinsic handedness. Previous studies of short peptoid oligomers by modeling (12, 16) and by NMR (17) have demonstrated that the tertiary amides in the peptoid backbone can result in the population of both cis and trans amide bond conformers. These findings were also observed for collagen analogs containing peptoid residues (18).
Our aim is to create biomimetic stereospecific polymers, combining strategies previously applied in the biopolymer and asymmetric polymer fields. We have investigated a family of sequence-specific peptoid polymers incorporating bulky chiral side chains. Recent modeling studies indicated that these peptoids could form a helical secondary structure (19) (Fig. 1) . We report here the synthesis and characterization of this class of peptoid polymers.
MATERIALS AND METHODS
Peptoid Synthesis and Purification. Solvents and reagents were purchased from commercial sources and used without further purification. Peptoid oligomers were synthesized on 50 mol of a Rink amide resin (NovaBiochem, San Diego) at a substitution level of 0.47 mmol͞g. The peptoid oligomers were synthesized by an improvement of previous methods (14, 15) , which included reduced cycle times and decreased amine concentrations. Briefly, after removal of the first Fmoc group the following 90-min monomer addition cycle was performed by a robotic synthesizer and repeated until the desired length was obtained. The amino resin was bromoacetylated by adding 830 l of 1.2 M bromoacetic acid in N,N-dimethylformamide (DMF) and 200 l of N,NЈ-diisopropylcarbodiimide (DIC). The mixture was agitated for 40 min at 35°C, drained, and washed with DMF (three times with 2 ml). Next, 0.85 ml of a 1 M solution of a primary amine in DMSO was added to introduce the side chain. The mixture was agitated for 40 min at 35°C, drained, and washed with DMF (four times with 2 ml). After the last coupling the peptoid-resin was cleaved and lyophilized as described (15) .
Individual peptoid oligomers were analyzed by reversedphase HPLC on C4 columns (Bachem) . N-(2-aminoethyl)glycine (Nae) was made from mono-Bocethylenediamine that was made by the method of Krapcho and Kuell (20) . (S)-N-(2-amino-1-methylethyl)glycine (Nsam) was made from (S)-1-(Boc-amino)-2-aminopropane that was made via three steps from (S)-Z-alaninamide [briefly, the amide of (S)-Z-alaninamide was reduced to the amine with BH 3 , followed by protection of this amino group with di-tbutyldicarbonate and removal of the Z group by catalytic hydrogenation]. (S)-N-(1-((morpholino)carbonyl)ethylglycine (Nsmc) was made from (S)-alanylmorpholide which was made from L-Z-alanine and morpholine.
Circular Dichroism. CD measurements were performed with a Jasco (Easton, MD) model 720 spectropolarimeter equipped with a Peltier temperature control unit. Spectra were obtained in fused quartz cells from 0.1 to 10 mm path length. Data are expressed in terms of mean residue ellipticity, [] (deg⅐cm 2 ͞dmol), calculated per mol of amide groups present.
Differential Scanning Calorimetry (DSC). An MC-2 differential scanning microcalorimeter (MicroCal, Northampton, MA) was used at a scanning rate of 1°C͞min under 20 psi N 2 . DSC was conducted in degassed 5 mM sodium citrate, 5 mM Na 2 HPO 4 , and 0.1 M NaCl (pH 4.1) at a peptoid concentration of 2.0 or 0.5 mg͞ml. A minimum of six scans were conducted to ensure reproducibility. A thermal scan of buffer versus buffer was subtracted from a scan of sample versus buffer. Data analysis was conducted by using the Origins software supplied by MicroCal. 
RESULTS
Synthesis of Sequence-Specific Peptoid Oligomers. Nsubstituted glycine oligomers of 3-36 residues were synthesized in good yield and high purity by using bromoacetic acid and a variety of primary amines as submonomers (14, 15) . We created a broad family of oligomeric peptoid products containing a specific sequence of diverse side chain moieties. These included aliphatic, aromatic, heterocyclic, cationic, and anionic groups (Table 1) . Reactive side chain functionalities were protected by TFA-labile groups (Boc for amines and t-butyl esters for carboxylic acids) that were removed during cleavage of the peptoid from the resin. Crude oligomer purities ranging from 50 to 90% were determined by HPLC and largely depended on the oligomer length (Fig. 2, Table 2 ). Compounds were purified to Ͼ95% homogeneity by preparative reversedphase HPLC prior to characterization. Molecular weights were confirmed by electrospray mass spectrometry and were uniformly in agreement with expected values (Table 1) .
Characterization of Peptoid Oligomers by CD. The CD spectra of peptoid oligomers of varying length, monomer composition, and sequence were obtained in aqueous solution over the 250-to 180-nm region (Fig. 3) . The spectra for polypeptoids 4 and 6, which include (S)-N-(1-phenylethyl)glycine monomers, show two minima of negative ellipticity Ϸ218 and 202 nm, and a band of positive ellipticity Ϸ190 nm. The band at 218 nm corresponds to the n* transition of the amide chromophore (observed between 230 to 210 nm in peptides), whereas the remaining bands correspond to the high and low wavelength components of the exciton split * transition (observed around 200 nm in tertiary amides) (21) . Additional contributions may derive from coupled interactions between the peptide bands and the L a transition of the aromatic side chains (Ϸ210 nm for phenylalanine) (21) . However, variation of aromatic content from 33% to 66% of the side chains does not substantially alter the magnitude of the ellipticity in this region (Fig. 3) . Compound 5, which contains side chains of opposite chirality to 4 and 6, shows a mirror-image ␣-helix type CD spectrum. Peptoid homopolymers 13 and 14 comprised of chiral side chains containing cyclohexyl and morpholidyl groups yielded CD spectra lacking the double minimum profile.
To determine the minimum chain length required to establish the characteristic helix-like CD signal, the CD spectra of compounds 7-10, corresponding to (Nsnp) n (n ϭ 1, 3, 5) and (Nrnp) 8 oligopeptoids, were obtained in acetonitrile in the region of 250 to 185 nm (Fig. 4) . Compounds 7-10 all have a CD band at 204-210 nm. The pentamer and octamer display an additional band at around 195 nm, giving rise to a helix-like CD signal. Similar spectra were obtained for these compounds in methanol (22) . The spectra of (Nrnp) 8 (compound 10), comprised of side chains of the opposite chirality, is the mirror image of the ellipticity of (Nsnp) 5 (compound 9), consistent with the data presented in Fig. 3 . Comparison of spectra for 9 and 10 shows that the intensity of the signal on a per-residue basis does not increase for oligomers longer than five residues. These helix-like spectra are similar to those of peptoids 4-6 in aqueous solution, with a blue shift of the CD bands.
The CD spectra of compound 9 were independent of concentration in the range 50 M to 1 mM in acetonitrile, indicating the absence of intermolecular association. Consistent with this finding, the 1 H one-dimensional NMR spectra of this pentamer reveal sharp line widths (Fig. 5) .
Melting Studies and Determination of Thermodynamic Parameters. We used CD to determine whether the helical structure can be deformed as a function of pH and temperature. Some polypeptoids undergo a sharp structural transition as a function of pH. Decreasing the pH from 7 to 3 leads to only small changes in the CD spectra of the 30-mer 6 (Fig. 6) . Upon further titration to pH 2, the signal around 200 nm is almost entirely abolished, and the long wavelength band is red-shifted and diminished. The spectrum at pH 2 resembles that of the Nspe monomer, indicating the absence of repeating secondary structure. CD spectra were obtained as a function of temperature for peptoid oligomers in varying solution conditions. The 9-mer 11 and 30-mer 6 show little change in ellipticity as temperature was increased from 5 to 65°C at pH 7 (Fig. 7) . We utilized the pH dependent conformational transitions described above to destabilize the secondary structure sufficiently to detect melting in an experimentally accessible regime. At pH 4.1, 6 undergoes a sigmoidal thermal transition, which is largely complete within a 40°C temperature range. The original CD spectrum is regained upon return to 5°C conditions (data not shown).
To more fully investigate the nature of the melting, complete CD spectra were obtained of 6 at pH 4.1 at temperatures from 5 to 75°C (Fig. 8) . The loss of signal intensity at 220 nm, and the disappearance of the 203 nm minimum over a narrow temperature range, indicate the loss of secondary structure content in a cooperative fashion. The spectra show isodichroic points at 230 and 200 nm, suggesting a two-state transition. We calculated the van't Hoff enthalpy for the structural transition by a method similar to that described for study of a 50-residue ␣-helical peptide (23) . The analysis assumes the peptoid is fully helical at 5°C and fully coiled at 75°C, and that ellipticity is a linear function of the amount of helical structure present. The ellipticity values at 203 and 220 nm were separately used to evaluate the fractional helical content at each temperature [fH(T)] and the van't Hoff enthalpy of the transition, ⌬H vH . The enthalpies determined by fitting to the van't Hoff equation at each wavelength were in excellent agreement, and both equaled 0.22 kcal͞mol per residue.
The thermal transition of 6 is sharp according to DSC conducted at 460 M and pH 4.1 (Fig. 8 Inset) . The excess heat capacity has a peak that is complete within a 40°C range. The peptoid transition is fully reversible and reproducible over several scans between 15 and 90°C. After subtraction of the buffer reference trace, the data were fit to a theoretical curve and the area integrated to obtain ⌬H cal , 1.1 kcal͞mol per residue. CD and DSC studies of 6 were both repeated at 120 M with no variation of molar signal intensity (data not shown). Cooperative thermal unfolding is also observed in the polycationic 18-mer 12 with limited possibility of forming intramolecular hydrogen bonds through its side chains. At a concentration of 36 M in 10 mM sodium phosphate, 10 mM 
DISCUSSION
Although 25-mers have been previously synthesized in good yields in our laboratory (14) , the study of longer structured molecules presented some synthetic challenges. Because we aimed to induce structure by the incorporation of hindered residues, it was necessary to strike a balance between high coupling efficiencies and strong steric influence of the side chain over the main chain. Initial efforts revealed that yields were compromised when ␣-branched primary alkylamines having two ␣ substituents larger than methyl groups were incorporated into 25-mers (data not shown). However, ␣-methyl primary amines were efficiently incorporated ( Fig. 2 and Tables 1 and 2 ). Importantly, this family of amines are chiral and many can be obtained in high enantiopurity from commercial sources. The presence of these ␣-chiral side chains is predicted to dramatically reduce the conformational space energetically accessible to the polymer backbone. Calculations of ␣-chiral peptoid helices indicate the preference for a right-handed helix pitch with repeating cis-amide bonds and a limited range of , dihedral angles (19) (Fig. 1) . Green et al. (24) have investigated the effects of chiral N-pendant groups on random isocyanate polymers, which likewise have an achiral backbone. These studies demonstrated induction of helical secondary structure of specific handedness, as evidenced by characteristic CD spectra.
The present study demonstrates that peptoid oligomers containing ␣-chiral side chains ''fold'' to form stable secondary structure. The intensity of the CD signals in the UV spectral regions dominated by amide chromophore transitions (230 to 185 nm) strongly suggests a well-defined repeating main chain secondary structure (Fig. 3) . The peptoid CD spectra markedly resemble those of right-handed peptide 3 10 -or ␣-helices, which display a positive band around 192 nm and two minima of ellipticity around 222 and 208 nm (21) . The measured ellipticity of the n* band of these peptoids is comparable to those of fully helical model peptides (peptoid 218 ϭ Ϫ2.5 to Ϫ3.5 ϫ caused by exciton splitting of the * amide transition (26) . It should be noted that ␣-helix-like ''class C'' CD spectra have also been associated with certain ␤-turn peptide structures (27) . However, the magnitude of ␤-turn CD signals are typically of low intensity compared with the signals observed for peptide ␣-helices and in the present study.
The absence of a dependence of the CD signal on peptoid concentration and the sharp line-widths observed in the onedimensional 1 H NMR spectra (Fig. 5) indicate that the structure is monomeric and is not stabilized by intermolecular associations. Analysis of two-dimensional NMR spectra of ␣-chiral peptoid pentamers is consistent with the CD data and modeling studies (19) . Based on the pattern of both intra-and inter-residue ROE cross peaks, we identified a major conformer with a helical structure and repeating cis-amide bonds (22) .
We observe helix-like CD signals in a variety of peptoid sequences varying in length and in the content of charged, aromatic, and chiral residues. Helix-like CD signals were preserved in sequences comprised of 33-100% aromatic residues and 0-66% charged residues without substantial change of signal intensity. However, when the aromatic groups were removed completely, as in the homo-oligomers containing morpholido 13 and cyclohexyl 14 side chains, CD signals were observed that lacked the characteristic double minimum. Chiral secondary structure can be propagated in the presence of achiral residues; dodecamer 5, which contains 33% achiral Nam residues, retains the helix-like profile. This result should permit the synthesis of peptoid helices incorporating diverse side chains from the wide family of achiral primary amines. Peptoids composed of side chains with inverted chirality show a mirror image relationship between their CD spectra (Fig. 3) . As found for random isocyanate polymers (24) , this suggests that enantiomeric side chains can induce the formation of helices with an inverted screw sense.
Peptoid secondary structure is detected even in short oligomers. A study of a series of peptoid homo-oligomers of one to eight residues demonstrates a helix-like CD signal in (pnitrophenylethyl)glycine pentamers and octamers. A maximal signal is found at the pentamer length (Fig. 4) . Although peptide ␣-helices are seldom detected for molecules smaller than 15 residues, the finding of stable helices in short polyimides is not unprecedented. Helices have been observed in polyproline molecules as small as three to five residues on the basis of vibrational and ultraviolet CD measurements (28) . A strong single minimum CD signal observed for the peptoid trimer may indicate substantial helical proclivity for these chiral monomers in the absence of the inter-residue coupling attained by a full turn of the helical structure.
CD spectra were obtained in a variety of solvents, including acetonitrile, methanol, and aqueous solution. The characteristic double minimum spectra were retained with some solventdependent variation of the positions of the CD bands, indicating the resilience of the helical secondary structure to environmental changes. Previous studies of synthetic ''folded'' polymers generally have been limited to solution studies in organic solvents (6, 9, 10) . A critical difference between these ''foldamers'' and peptoids is the absence of hydrogen-bond formation as a driving force for peptoid secondary structure. Steric influence of the bulky chiral side chains is likely to provide a constraint that defines the conformations accessible to the peptoid backbone (19) . Interactions between side chain aromatic groups, and dipole-dipole repulsion between side chains and the carbonyl of the main chain amides, may also provide for specific secondary structure. These forces may allow peptoids to retain their structure in an aqueous environment, in which intramolecular hydrogen-bond networks can be disrupted.
Peptoid secondary structure is extraordinarily resistant to thermal unfolding. The 9-mer 11 and 30-mer 6 show only a slight variation in CD signal intensity over the temperature range from 5 to 65°C in neutral aqueous solution (Fig. 7) . The resistance of peptoids to proteolysis has previously been noted (29) . The stability of peptoids is an obvious benefit in considering their potential applications as nanostructured materials in biological systems.
Peptoids with ionizable side chains can be destabilized in response to changes in pH conditions. Peptoid 6 shows little variation in CD signal intensity over the pH range of 7 to 3 (Fig.  6) . However, further titration to pH 2 results in a greatly diminished CD signal, indicating complete unfolding. This pH-dependent conformational behavior was exploited to observe melting in an experimentally accessible regime. Specifically, at pH 4.1 compound 6 demonstrates a complete, reversible loss of helix-like CD signal over a narrow temperature range (Fig. 8) . The presence of an isodichroic point near 200 nm is characteristic of a two-state helix͞coil transition, as has been described by Holtzer and Holtzer (30) for polypeptides. These authors also point out that it is highly unlikely that a precise isodichroic point will be observed if side chain CD bands are making a significant contribution.
DSC demonstrates that thermal unfolding is accompanied by absorption of heat as secondary structure is melted (Fig. 8  Inset) . The narrow peak in excess heat capacity is further evidence of the highly cooperative nature of peptoid unfolding. In fact, both CD and DSC studies demonstrate that 6 unfolds over a 40°C temperature range, as compared with a greater than 100°C temperature range for a 50-residue designed ␣-helical peptide (23) .
Thermodynamic parameters obtained for the aciddestabilized melting of 30-mer 6 are similar to those determined for helix͞coil transitions in peptides. DSC shows that the calorimetric enthalpy of structure deformation in peptoid helices (⌬H cal ϭ 1.1 kcal͞mol per residue) is comparable to that of ␣-helical peptides (⌬H cal ϭ 1.1-1.3 kcal͞mol per residue) (23) , as is the van't Hoff enthalpy derived from CD data (peptoid ⌬H vH ϭ 0.22 kcal͞mol per residue, vs. peptide ⌬H vH ϭ 0.22-0.23 kcal͞mol per residue) (23) . Notably, the enthalpy of peptide unfolding has been ascribed to the breaking of main chain hydrogen bonds (23) , which cannot be formed in peptoids. The forces that favor formation of peptoid helices are not fully understood and are currently under investigation.
The work presented here demonstrates progress toward the creation of biomimetic polymers in which a specific sequence of chemically diverse monomers are incorporated into a stable folded structure. It is notable that polypeptoids display many of the characteristics of peptide behavior such as cooperative pH-and temperature-induced unfolding in aqueous solution, despite the absence of main chain hydrogen bonds. More detailed studies of peptoid structure and dynamics are currently underway. We believe polypeptoids will be useful for investigating principles of self-assembly in macromolecules and for creating novel functional polymeric materials. We are currently evaluating the use of these materials as reagents for DNA and drug delivery. Peptoid nanostructures may prove to be of wide utility in the design and control of molecular architectures in biotic and abiotic systems.
